Biodiesel is emerging as a renewable fuel, hence becoming a promising alternative to fossil fuels. Biodiesel can form blends with diesel in any ratio, and thus could replace partially, or even totally, diesel fuel in diesel engines what would bring a number of environmental, economical and social advantages. Although a number of studies are available on regulated substances, there is a gap of studies on unregulated substances, such as carbonyl compounds, emitted during the combustion of biodiesel, biodieseldiesel and/or ethanol-biodiesel-diesel blends. CC is a class of hazardous pollutants known to be participating in photochemical smog formation. In this work a comparison was carried out between the two most widely used CC collection methods: C18 cartridges coated with an acid solution of 2,4-dinitrophenylhydrazine (2,4-DNPH) and impinger bottles filled in 2,4-DNPH solution. Sampling optimization was performed using a 2 2 factorial design tool. Samples were collected from the exhaust emissions of a diesel engine with biodiesel and operated by a steady-state dynamometer. In the central body of factorial design, the average of the sum of CC concentrations collected using impingers was 33.2 ppmV but it was only 6.5 ppmV for C18 cartridges. In addition, the relative standard deviation (RSD) was 4% for impingers and 37% for C18 cartridges. Clearly, the impinger system is able to collect CC more efficiently, with lower error than the C18 cartridge system. Furthermore, propionaldehyde was nearly not sampled by C18 system at all. For these reasons, the impinger system was chosen in our study. The optimized sampling conditions applied throughout this study were: two serially connected impingers each containing 10 mL of 2,4-DNPH solution at a flow rate of 0.2 L min À1 during 5 min. A profile study of the C1-C4 vapor-phase carbonyl compound emissions was obtained from exhaust of pure diesel (B0), pure biodiesel (B100) and biodieseldiesel mixtures (B2, B5, B10, B20, B50, B75). The SCC of the emission concentrations were 20.5 ppmV for B0 and 15.7 ppmV for B100. When considering fuel blends, the measured SCC were 21.4 ppmV, 22.5 ppmV, 20.4 ppmV, 14.2 ppmV, 11.4 ppmV and 14.7 ppmV, respectively, for B2, B5, B10, B20, B50 and B75. Among the target CC, both formaldehyde and acetaldehyde were the major contributors to the observed total CC levels. Except for acrolein and formaldehyde, all CC showed a clear trend of reduction in the emissions from B2 to B100 (40% reduction, on average). Both individual and total CC emission factors (pg g À1 of fuel burnt) were calculated for all tested biodiesel-diesel 
a b s t r a c t
Biodiesel is emerging as a renewable fuel, hence becoming a promising alternative to fossil fuels. Biodiesel can form blends with diesel in any ratio, and thus could replace partially, or even totally, diesel fuel in diesel engines what would bring a number of environmental, economical and social advantages. Although a number of studies are available on regulated substances, there is a gap of studies on unregulated substances, such as carbonyl compounds, emitted during the combustion of biodiesel, biodieseldiesel and/or ethanol-biodiesel-diesel blends. CC is a class of hazardous pollutants known to be participating in photochemical smog formation. In this work a comparison was carried out between the two most widely used CC collection methods: C18 cartridges coated with an acid solution of 2,4-dinitrophenylhydrazine (2,4-DNPH) and impinger bottles filled in 2,4-DNPH solution. Sampling optimization was performed using a 2 2 factorial design tool. Samples were collected from the exhaust emissions of a diesel engine with biodiesel and operated by a steady-state dynamometer. In the central body of factorial design, the average of the sum of CC concentrations collected using impingers was 33.2 ppmV but it was only 6.5 ppmV for C18 cartridges. In addition, the relative standard deviation (RSD) was 4% for impingers and 37% for C18 cartridges. Clearly, the impinger system is able to collect CC more efficiently, with lower error than the C18 cartridge system. Furthermore, propionaldehyde was nearly not sampled by C18 system at all. For these reasons, the impinger system was chosen in our study. The optimized sampling conditions applied throughout this study were: two serially connected impingers each containing 10 mL of 2,4-DNPH solution at a flow rate of 0.2 L min À1 during 5 min. A profile study of the C1-C4 vapor-phase carbonyl compound emissions was obtained from exhaust of pure diesel (B0), pure biodiesel (B100) and biodieseldiesel mixtures (B2, B5, B10, B20, B50, B75). The SCC of the emission concentrations were 20.5 ppmV for B0 and 15.7 ppmV for B100. When considering fuel blends, the measured SCC were 21.4 ppmV, 22.5 ppmV, 20.4 ppmV, 14.2 ppmV, 11.4 ppmV and 14.7 ppmV, respectively, for B2, B5, B10, B20, B50 and B75. Among the target CC, both formaldehyde and acetaldehyde were the major contributors to the observed total CC levels. Except for acrolein and formaldehyde, all CC showed a clear trend of reduction in the emissions from B2 to B100 (40% reduction, on average). Both individual and total CC emission factors (pg g À1 of fuel burnt) were calculated for all tested biodiesel-diesel
Introduction
Vehicular emission in many urban centers around the world and also in Brazil is being considered one of the most important sources of air toxics to the atmosphere, both in the vapor-and particle-phases (Corrêa and Arbilla, 2006; Manoli et al., 2002; Azimi et al., 2005; Turrio-Baldassarri et al., 2004; de Andrade et al., 1993 de Andrade et al., , 1995 de Andrade et al., , 1998 . Both phases contain carcinogenic substances, such as carbonyl compounds (e.g. formaldehyde), light aromatic hydrocarbons (e.g. benzene), PAHs, and nitro-PAHs (Turrio-Baldassarri et al., 2004; Corrêa and Arbilla, 2006; Pang et al., 2006; Bikas and Zervas, 2007; de Andrade et al., 1995 de Andrade et al., , 1998 . Carbonyl compounds (CC) are ubiquitous constituents of the urban atmosphere and well known to participate in photochemical smog formation. They are important precursors of ozone and other hazardous substances, such as peroxylacylnitrate (PAN) (Tanner et al., 1988; Grosjean et al., 1993; Carter, 1995; Gaffney et al., 1997; de Andrade et al., 1998) .
In urban centers, CC are mainly emitted by anthropic sources such as vehicles. Even though diesel fuelled heavyduty vehicles represent only 5.93% of the Brazilian fleet (w2.5 millions of trucks and buses) their emission factors are higher than those of light-duty vehicles; their consumption represents 44% of the total fuel consumption in Brazil, totalizing 39 million cubic meters (Corrêa and Arbilla, 2006 and references therein) .
Nowadays, the increase of vehicular fleet, the demand of energy production and the decrease of fossil fuel sources, and climate change reflect the search for both affordable and renewable fuels. Biodiesel, an emerging and renewable fuel, is becoming a promising alternative to fossil fuels. It is an oxygenated fuel made from vegetable oils and animal fats by conversion of the triglyceride fats to esters via transesterification reaction (Pinto et al., 2005; Pang et al., 2006) . Biodiesel can form blends with diesel in any ratio, and thus could replace partially, or even totally, diesel in combustion engines what would bring a number of environmental, economical and social advantages. Regarding environmental concerns, many studies have shown that pure biodiesel, biodiesel-diesel and biodieselethanol-diesel blends may reduce emissions of regulated substances (NO x , CO, CO 2 , SO x , total hydrocarbons and particulate matter) (Dorado et al., 2003; Shi et al., 2006; Pang et al., 2008) . However, there is an increasing interest in studying emissions of some unregulated substances, such as carbonyl compounds, PAHs, nitro-PAHs and other toxics that are of concern from both environmental and human health aspects (Pinto et al., 2005) .
Concerning CC emissions, there are some divergences when considering the results obtained using pure diesel and biodiesel blends. Depending upon the author biodiesel could contribute to increase or decrease in the CC emissions (Bikas and Zervas, 2007; Turrio-Baldassarri et al., 2004; Corrêa and Arbilla, 2008; Lev-On et al., 2002; Durbin et al., 1999) . Nevertheless, the comparison of those studies is not trivial since different authors have used different biofuel sources, engines, and especially, different sampling methodologies or protocols.
Historically, carbonyl compounds have been basically sampled in two ways: by impinger bottles (wet collection) and by coated C18 cartridges (dry collection). In both ways of sampling an acidified solution of 2,4-dinitrophenylhydrazine (2,4-DNPH) is employed, which reacts quantitatively with the carbonyl compounds. The resulting CC-hydrazone derivatives are then separated and quantified by highperformance liquid chromatography. Nowadays, many researchers have preferred the employment of C18 cartridges rather than impingers, perhaps because cartridges are easier to transport and use (Feng et al., 2005; Shi et al., 2006; Rubio et al., 2006; Tang et al., 2007; Chi et al., 2007; Corrêa and Arbilla, 2008; Peng et al., 2008) , although the latter remains in use (Bikas and Zervas, 2007) .
This study has two main objectives: (i) to assess the most efficient method for sampling vapor CC emitted by diesel engines fuelled with diesel and diesel-biodiesel blends, and (ii) to study the emission patterns of gaseous (C1-C4) CC for the following fuel compositions: pure diesel (B0), pure biodiesel (B100) and biodiesel-diesel blends (B2, B5, B10, B20, B50, and B75). In order to optimize the sampling method we have used a multivariate approaching by using factorial design, utilizing an engine fuelled with biodiesel (B100) settled on a dynamometer. This optimized methodology was adopted to study CC emission profiles of different diesel-biodiesel blends.
Experimental

Fuels and chemicals
Two kinds of biodiesels were used in this work: (i) soybean oil biodiesel, which was used in the optimization step of the sampling method and (ii) residual oil biodiesel, used in the carbonyl compound emission studies. Certified methyl soybean biodiesel (SB) was kindly donated by Comanche Inc. (Comanche Biocombustíveis da Bahia Ltda, Centro Industrial de Aratu, Simõ es Filho, Bahia, Brazil). Methyl residual oil biodiesel (RB) was produced by the biodiesel pilot plant of UFBA; commercial pure diesel oil was purchased from Petrobrá s (Petrobrá s Distribuidora, Brazil). The specifications of the SB and RB fuels were determined following EN 14105 (Table 1) .
All chemicals employed in this study were either of analytical or spectroscopic/chromatographic grade. Formaldehyde, acetaldehyde, propionaldehyde, acrolein, butyraldehyde and 2,4-dinitrophenylhydrazine standards were purchased from Sigma-Aldrich (Sigma-Aldrich Inc., USA) and then their respective 2,4-dinitrophenylhydrazones were produced and purified in our laboratory. Spectroscopic and chromatographic grade acetonitrile and methanol were purchased from J.T. Baker (J.T. Baker, USA); deionised water was obtained from a NanoPure Diamond (USA) water purification system.
Optimization of the CC sampling conditions
As an initial step, a screening 2 2 factorial design (Statistica 6.0 software pack, Statsoft, USA) was performed to evaluate significant variables involved in the CC sampling. Three replicates were performed in the central body of factorial design in order to qualify the experimental error. The significant variables, at 95% of confidence level, found by screening experimental design, were both flow rate and sampling time. Experimental domains for flow rate and sampling time ranged from 0.2 to 0.6 L min À1 and from 5 to 10 min, respectively (Table 2) . Vapor-phase C1-C4 carbonyl compounds were sampled from exhaust of an internal combustion engine fuelled with SB fuel. A comparison of two different gaseous carbonyl compounds sampling methods was performed by using impinger bottle filled with 10 mL 2,4-DNPH solution (wet collection) and a C18 coated-cartridge (C18 Sep-Pak Silica Gel Cartridge, Waters-Millipore, USA) impregnated with 2,4-DNPH (dry collection). A detailed account of the preparation and purification of the 2,4-DNPH solution is described elsewhere (de Andrade et al., 1996) . In order to reach quantitative samplings and avoid breakthrough during CC collection, each sampling system consisted of two samplers in line (Fig. 1 ). In the dry sampling, we used two C18 Sep-Pak cartridges in line ( Fig. 1) , coated with 5 mL of 2,4-DNPH solution (according to procedure reported by de Andrade and Miguel, 1985; Grosjean et al., 1993; de Andrade et al., 1998) . After sampling, the cartridges were eluted with 5 mL of acetonitrile into amber bottles and stored under refrigeration at À4 C until analysis. CC samples (cartridges and impingers) were analyzed in duplicate; 10 cartridges were used as laboratory blanks. To assess the extent of contamination through passive sampling during the collection period, three opened flasks containing each 10 mL 2,4-DNPH solution were left in and around the sampling system during CC collection with impingers. In the same way, when sampling with C18 cartridges, a similar procedure was followed by leaving three C18 cartridges impregnated with 2,4-DNPH close to collection system. In both situations, either impinger or cartridges (called field blanks) were subjected to the same conditions of samples during the same time that CC was being actively collected from engine exhausts (CC samples) and transported to the laboratory for analysis. No carbonyl compound was found above the limit of detection in cartridges or impingers.
Analysis of carbonyl compounds
Carbonyl derivatives were separated and quantified using a high-performance liquid chromatograph coupled to a UV-VIS detector system (HPLC-UV-VIS, Intralab 5100). An isocratic separation was performed with a C18 analytical column (25 cm Â 4.6 mm Â 5 mm, Merck KGaA, Germany) using a mobile phase of MeOH/MeCN/H 2 O (74.5/0.50/25.0% v/v/v) for 15 min at a flow rate of 1 mL min À1 and detection at 365 nm. The identification of the CC was done based on matching the retention time of unknown peaks with those of authentic standards (formaldehyde, acetaldehyde, acrolein, propionaldehyde/acetone and butyraldehyde hydrazones). The quantification of the identified compounds was carried out by using analytical curves made from seven levels of external standard concentrations, ranging from 0.025 to 1.5 mg mL
À1
, for each CC. The limit of detection (LOD) was considered as 3 Â (s/a), where ''s'' is the standard deviation of linear coefficient from analytical curve and ''a'' is angular coefficient from analytical curve, adjusted to the sampling time and flow rate used during collection of samples. LODs were (ppbV): 23.4 (formaldehyde), 267 (acetaldehyde), 30.6 (acrolein), 54.9 (propionaldehyde), and 100 (butyraldehyde). All samples collected during our study presented CC levels above their respective LOD.
Evaluation of the CC emission profile of biodiesel-diesel mixtures
A diesel engine, Agrale Ò , model M85, 10 HP, speed rate of 1800 rpm, operating in a stationary mode and with no loading, coupled to a steady-state dynamometer, was used for the tests. The engine's main characteristics are listed in Table 3 . The following mixtures were used as engine fuel: biodiesel-diesel (B2, B5, B10, B20, B50 and B75) and pure diesel (B0), pure biodiesel (B100) as well.
Results and discussion
Carbonyl compounds sampling methodology optimization
The vapor-phase (C1-C4) CC sampling methodologies were tested in order to verify their efficacy for sampling (Fig. 2) . Among the studied parameters, only the sampling time was significant at a 95% confidence level for C18 cartridges system (Fig. 2a) . For the impinger system, all studied variables and their interactions (time and sampling flow rate) were significant at 95% confidence level (Fig. 2b) . Response surface obtained by central body design is illustrated in Fig. 3 . When comparing C18 cartridges and impingers, the standard errors obtained by three replicates in the central point were 5.67 and 1.61 for C18 cartridges and impinger system, respectively (Fig. 4) .
In the central body, the average SCC concentrations determined using impingers was 33.2 ppmV while it was only 6.5 ppmV for C18 cartridges. Additionally, while the relative standard deviation (RSD) for impingers was 4%, it was 37% for C18 cartridges. Furthermore, propionaldehyde was nearly not detected using the C18 system at all. Thus, the impinger bottles are able to collect CC more efficiently and with lower error than the C18 cartridge system. While CC samplings in indoor and outdoor ambient air using C18 cartridges coated with 2,4-DNPH may be appropriate, our results show that this system is not suitable for the conditions applied in this study at much higher concentrations. A hypothesis to explain a higher CC content collected by impingers is that this sampler provides a more humid medium (enabled by 10 mL 2,4-DNPH solution) that is more suitable in collecting quantitatively hot turbulent freshly released exhaust from the engine than just the easily saturated thin film of 2,4-DNPH available onto C18 reversed phase silica particles from cartridges, reflecting in CC losses by breakthrough in the case of C18 cartridge use for exhaust sampling. Therefore, impingers were used throughout this study. The response surface shows that the higher the sampling time and flow rate the higher would be the CC amount collected (Fig. 3) . Meanwhile, attention should be paid to the breakthrough effect in the sampling procedure. When a sampling flow rate of 0.6 L min À1 and the sampling time of 10 min are applied the amount of CC collected in the second impinger represented 90% of that collected in the first one. Reducing the flow rate to 0.4 L min À1 and the sampling time to 7.5 min, the breakthrough decreased to 60%, yet it remains in a high level of CC to be present in the second impinger. Finally, at a flow rate of 0.2 L min À1 , independently of sampling time (range of 5-10 min), the breakthrough was below 26%, i.e. acceptable in order to minimize CC losses and insure quantitative CC collection. Despite the fact that the multivariate approach was not totally utilized for reaching the optimum conditions, it was useful for finding the best conditions, using fewer experiments. Thus, the optimized sampling conditions applied throughout this study were: two serially connected impingers containing each one 10 mL of 2,4-DNPH solution, with a flow rate of 0.2 L min À1 during 5 min.
Assessment of vapor-phase CC emitted from biodieseldiesel blends
The optimized method just described above was used for assessing vapor-phase C1-C4 carbonyl concentrations from a diesel engine setup onto a steady-state dynamometer. SCC ranged from 20.5 ppmV (for B0) to 15.7 ppmV (for B100). When considering the fuel blends, the measured SCC were 21.4 ppmV, 22.5 ppmV, 20.4 ppmV, 14.2 ppmV, 11.4 ppmV and 14.7 ppmV for B2, B5, B10, B20, B50 and B75, respectively. Such high levels found for B2-B10 were mainly observed because in these blends both formaldehyde and acetaldehyde have increased emissions (Fig. 5) ; they are the major contributors for those total CC levels (but they have shown decreases from B10 to B50). However, propionaldehyde and butyraldehyde have demonstrated a gradual decrease when rising biodiesel Fig. 1 . Scheme of the sampling system for carbonyl compounds emission. Either (a) two impinger bottle or (b) two C18 coated-cartridges were used each time. level in all tested fuels (from B0 to B100) while acrolein follows the opposite tendency. Acrolein released from engine exhausts with B100 (225 ppbV) is more than four times higher than that observed with pure diesel (B0) (51 ppbV). In order to understand CC emissions in Fig. 5 , it is helpful to take the following discussion. Concerning each fuel composition, it is known that pure diesel is mainly composed of aliphatic saturated hydrocarbons and aromatics with carbon number ranging from C6 through C20. Generally, tetradecane, pentadecane, and hexadecane are dominant in fossil diesel. The other straight-chain alkanes gradually decline from the dominant compounds to either higher or lower carbon numbers. Aliphatic alkanes are the main components. Branched alkanes and aromatics are present in lesser amounts (Peng et al., 2006) . On the other hand, pure soybean biodiesel presents as main components linoleic acid methyl ester, oleic acid methyl ester, and palmitic acid methyl ester and, to a lesser extent, also linolenic acid methyl ester and stearic acid methyl ester. Considering that waste cooking oil is mainly soybean oil that underwent repeated thermal oxidative processes before discharging, it is reasonable to assume that residual oil biodiesel is also mainly composed of the same major methyl esters but with a higher content of minor short-chain components originated from breakdown of unsaturated fatty acids during cooking (Peng et al., 2006; da Silva and Pereira, 2008) .
Combustion is an inherently oxidative process that when rigorously efficient should convert all organic matter into carbon dioxide and water. Mechanistically, when burning straight-chain alkanes (as it is found in fossil diesel) under the considered oxidative conditions, alkanes would be converted to alcohols, then to carbonyl compounds, then to carboxylic acids, then to esters, and finally to carbon dioxide (alkanes are the most reduced substances being gradually converted until the most oxidized substance -carbon dioxide). However, it is known that no engine possesses such efficiency to undergo a complete combustion. Therefore, when burning pure diesel (B0) a very special set of conditions (temperature, energy, compression rate, among others) would be necessary to convert diesel totally into carbon dioxide. In face of incomplete combustion of diesel, there are conditions just to produce other toxic chemicals (and emit them to atmosphere) such as carbonyl compounds and others as well (Schauer et al., 1999) . On the other hand, when burning pure biodiesel (B100), it is a reasonable assumption that conditions would be more prone for conversion of esters into carbon dioxide. Under this point of view, biodiesel burning is probably more complete than diesel combustion. Addition of different volumes of biodiesel to diesel would provoke decreases in the CC emission levels. Since in B2 through B10 the relative quantity of biodiesel to diesel is low; there was not an observable reduction in the CC emissions. However, reduction is clear in B50. Probably, with this blend there is enough biodiesel content to favor a more complete combustion and a decrease in CC emissions. There is a small increase in B75 and B100 emission levels due to either of the following reasons: (i) some fluctuation common to random error in acquisition of data, or (ii) any other mechanism of formation of CC that prevails in those contents of biodiesel-to-diesel.
The process of heating biodiesel inside the combustion chamber, along with oxygen, can generate several types of compounds, through reactions such as oxidation and polymerization, since it is basically an ester mixture of saturated and nonsaturated fatty acids. These products may include secondary oxidation products such as volatile and non-volatile carbonyl compounds, cyclic fatty acid monomers and polymerization products. Among these, aldehydes seem to be the most important since they are the most abundant when compared to the other possible products. Besides, as the biodiesel used in these tests was produced from fried oil, it is reasonable to suppose that it had already a significant amount of CC, from the thermal oxidative processes which occur during the frying of meats.
Both formaldehyde and acetaldehyde were the CC emitted in the highest levels for all assessed fuel/fuel blends. When compared to diesel, formaldehyde emission is increased for all mixtures except for B50 while acetaldehyde emission is decreased for all mixtures except for B5. Residual oil biodiesel has many short-chain chemicals that favor formation of the shortest chain carbonyl (namely formaldehyde) during combustion but this trend was not observed with those longer chain CC which have shown a gradual emission decrease with rising biodiesel quantity in the fuel being burnt because they are mainly originated from diesel alkane combustion. On the other hand, acrolein has its emission increased since it has mostly been produced by oxidation of glycerol residues and other fatty acid residues present in the biodiesel (Table 1) (da Silva and Pereira, 2008) .
Our results discussed up to this point, bring in this way, some criticism about discordant results reported in the literature. Concerning a few studies related to CC emissions from diesel and biodiesel blends available, TurrioBaldassarri et al. (2004), Pang et al. (2006) and Corrêa and Arbilla (2008) have reported increases (about 20-25%) of CC levels in engine exhaust when adding biodiesel to diesel, while Peng et al. (2008) have found decreases in CC emissions and Schauer et al. (1999) have reported that 60% of the gas-phase organic compound mass emissions from fossil diesel in a medium duty neat diesel trucks (mainly formaldehyde, acetaldehyde and acetone but significant quantities of propionaldehyde, butanone and crotonaldehyde). Furthermore, Turrio-Baldassarri et al. (2004) and Corrêa and Arbilla (2008) justify CC emission increases by the high content of oxygen from methyl esters in the biodiesel but this essentially cannot occur due to oxidative media during combustion in the engines. Also, it is noted that all studies have used C18 cartridges coated with 2,4-DNPH and we have shown in the first part of this study that it is not an appropriate method of sampling CC since it undergoes significant losses by breakthrough. Despite all these, further studies are necessary for a better understanding of this topic. Fig. 6 shows CC total concentrations released from each blend of fuel, pure biodiesel and/or pure diesel. Any significant abatement of total CC emission starts at B20 going through B75. This result is comparable with those obtained by Peng et al. (2008) who also observed a decrease when using B20, though Corrêa and Arbilla (2008) have found that the CC emissions from B20 were higher than those from pure diesel. These discordant results, in addition to what we have discussed above, may result from a different kind of biodiesel since the former have used waste cooking oil and the latter castor oil, as well as different analytical methodologies used.
In Fig. 6 acrolein has presented considerable increase in its emission rate (170-340% by acrolein for B2-B100 in relation to pure diesel) as well as formaldehyde has presented an increase in its emission rate (22-53%) for all mixtures, except for B20 and B50. It is interesting to note that formaldehyde is considered carcinogenic to humans by IARC (IARC, 2004 ) and a reduction in air levels would be desired, not an increase as observed for B2-B10 and B75-B100 mixtures (B2 is already implanted in Brazil by Government Decree). Nowadays, in Brazil, the B2 mixture is commercially available in any Petrobrá s petrol station, but the Brazilian Government plans to adopt the B5 mix in the coming years. Furthermore, except for acrolein, we observed a trend in the reduction of CC beginning only from B20 mixture (total CC emission rate is reduced by 30.5% in relation to original diesel) until B75. Propionaldehyde and butyraldehyde have shown a clear trend of reduction of their emissions with the raise of the biodiesel content in the tested mixtures. Propionaldehyde reduction ranged from 8% to 56%; for butyraldehyde the reduction was 14-99%, depending on the mixture. Therefore, in terms of vapor-phase light CC emissions, there will be a significant reduction effect when B20 or, more appropriately, B50 is adopted. Table 4 shows both individual and total CC emission factor in terms of quantity of CC (unit in pg g À1 ) emitted
per liter of fuel burnt for all tested biodiesel-diesel blends.
In Table 4 is shown that the lowest total CC emission factor (2271 pg g À1 ) was achieved with B50. For B50 individual emission factors (pg g À1 ) were: 539.7 (formaldehyde), 1411 (acetaldehyde), 30.83 (acrolein) and 310.7 (propionaldehyde).
Conclusions
Our results highlight that in spite of the fact that while sampling CC emitted from diesel engines using C18 cartridges (dry sampling) has been widely used by several . Decreases in the emission rate (%) of both individual and total CC by employment of B2, B5, B10, B20, B50, B75 and B100 (residual oil biodiesel) mixes in relation to pure fossil diesel. researchers, the impinger system (wet sampling) consistently collects gas-phase light CC more efficiently. For this reason, wet sampling was the chosen collection method for CC measurement, with flow rate and sampling time conditions being optimized as 0.2 L min À1 and 5 min, respectively. In our study of CC profile emissions from different biodiesel-diesel mixtures, formaldehyde and acetaldehyde were the CC which have presented the highest emission levels. Acrolein increased for all blends while formaldehyde increased for all blends except B20 and B50. When considering total CC emissions, there is a consistent concentration decrease beginning at B20 up to B100 blends. These results show that the government's intent of adding 2% of biodiesel to commercial diesel (B2) followed by a future rise to B5 will not significantly lead to a decrease in CC emissions -since decreases become evident only at B20 or, more appropriately, B50 mixtures -but will significantly increase individual emissions of formaldehyde and acrolein.
